Bee products are of great benefit to the human body and have a good scavenging effect on free radicals in the human body. These products are rich in flavonoids and terpenes and have good antioxidant activities. Bee products can scavenge free radicals produced by the human body. Therefore, studies of the antioxidant activities of bee products are of great significance to human life and health. In this study, we proposed an electrochemical sensing platform based on the silver ion cross-linked hydrogel for the evaluation of three different bee products. After optimization, the antioxidant performance of the three bee products follows the following order: Royal jelly > honey > honeybee pupa. In addition, the proposed electrochemical sensing platform also exhibits excellent reproducibility and stability.
INTRODUCTION
Bee products provide people with food and materials that can bring great benefits to human health [1, 2] . Bee products can be divided into three categories: 1) bee collection and brewing products, such as honey, pollen, propolis, etc. 2) bee secretions, such as Royal jelly, beeswax, bee venom, etc.; and 3) bee ecological bodies and hives, such as bee larvae, bee corpses, and old beehives. Bee products are commonly used in diabetes adjuvants, bee therapy, health care, food, cosmetics, liquor, etc. Scientific research has found that bee products (mainly consisting of pupae, honey and Royal jelly) have many functions and biological activities, such as rich phenolic compounds, flavonoids and other antioxidant and anticancer effects [3] [4] [5] . Free radicals are considered to be an important cause of many diseases. The antioxidant and anticancer effects of bee products are mainly achieved by self-scavenging or promoting the ability of the body to scavenge free radicals. This performance mainly occurs through some antioxidants, such as superoxide dismutase, catalase, flavonoids, phenols and vitamins [6] [7] [8] .
Honeybee pupae, also known as wasp, are mainly male bee pupa and worker bee pupa. The edible and medicinal use of bee pupae has a long history. As early as 1200 BC, the ancient book "Erya" records of eating bees. The silk book "Fifty-two Cases", an ancient medical prescription unearthed in Mawangdui, Changsha, contains a prescription for treating diseases with bee embryos and bees. Bee pupae are rich in nutrients. The dry matter of bee pupae contains protein (46.21%), fat (26.09%), carbohydrate (20.34%), total sugar (0.73%), chitin (4.37%), flavonoids, amino acids, fatty acids, vitamins, mineral elements and enzymes, etc. Many studies have shown that honeybee pupae have many functions, such as antioxidant, hypoglycaemic, anti-aging, anti-fatigue and anti-inflammatory effects [9] [10] [11] [12] . Honeybee pupa is mainly used in health food, health care wine, and health care granules. Honey is made in the honeycomb by bees from the flowers of plants and is produced by worker bees through the action of amylase in salivary glands. The main components of honey are carbohydrates, proteins, minerals, vitamins, phenols, etc. Honey contains flavonoids, phenolic acid, oxidase, invertase, amylase, catalase, ascorbic acid, tocopherol, superoxide dismutase, glutathione and other substances and has the functions of antimicrobial, antioxidant, hypoglycaemic, anti-inflammatory, anticancer and promoting wound healing [13] [14] [15] [16] . Royal jelly is a kind of translucent serum with milky white or light yellow, sweet, sour and astringent taste secreted from the nutrient glands of the head of worker bees. Composition is very complex, and the main components are proteins, a variety of amino acids, fatty acids, sugar, vitamins, etc. Royal jelly has the functions of anti-inflammation, antibacterial, anti-tumour, lowering blood lipid, lowering blood pressure, antifatigue and antioxidation [17] [18] [19] [20] [21] [22] . Royal jelly is mainly used in health care products, cosmetics, medicine and feed additives.
The antioxidant enzymes in organisms are mainly superoxide dismutase, peroxidase and catalase, which convert peroxides into non-cellular and tissue-damaging substances. Superoxide dismutase (SOD) is a kind of metal enzyme widely existing in animals, plants and microorganisms [23] [24] [25] . SOD catalyses superoxide radicals (O2 -) in organisms, disproportionates them to H2 and O2, plays an important role in scavenging excess O2 -and protecting cells from the damage of oxygen free radicals. Glutathione peroxidase (GSH-Px) is an important enzyme that scavenges hydrogen peroxide (H2) and many organic hydroperoxides in vivo, protects cells from damage and protects the structural and functional integrity of cell membranes [26] [27] [28] . GSH-Px widely exists in tissue cells, red blood cells and plasma and is related to cell damage, hypoxia, poisoning, ageing and other diseases. Catalase (CAT), a terminal oxidase widely existing in aerobic microorganisms, animals and plants, has a high catalytic efficiency. Its main function is to catalyse the decomposition of hydrogen peroxide into water and oxygen, thus preventing membrane lipid peroxidation [29, 30] . Currently, conventional detection methods for antioxidant properties include the following: oxygen-free radical absorptive capacity test, total oxidant scavenging capacity test, scavenging peroxyl radicals (ROO)-induced beta-carotene fading method, iron reduction capacity test and the Folin-Ciocalteu colorimetric method [31] [32] [33] . These optical detection methods have some insurmountable shortcomings, such as the need for a longer detection time, the need to decolorize the samples in advance, and the lack of anti-interference ability. In contrast, the electrochemical method for antioxidant property detection has become a highly anticipated alternative method because of its simple, highly sensitive, and portable features and other advantages. The direct electrode detection method and the chemically modified electrode detection method are susceptible to the interference of other components in complex samples. The enzyme method and the latest DNA damage method can effectively solve the interference and provide more sensitive signals, but enzymes and DNA are easy to inactivate, expensive and difficult to stably immobilize onto the surface of the electrode [34] [35] [36] [37] [38] . Our recent study proposed a screening method for electrochemical oxidants based on polysaccharide-metal ion crosslinked hydrogels [39, 40] . This method combines the depolymerization of polysaccharide-metal crosslinked hydrogels by reactive oxygen species (ROS) and the scavenging effect of antioxidants on ROS. The antioxidant properties can be evaluated by determining the difference in the electrochemical behaviour of metal ions before and after hydrogel depolymerization. In this study, we further extend this method for the analysis of the antioxidant properties of honeybee pupa, Royal jelly and honey.
EXPERIMENTAL

Materials
Silver nitrite, chitosan, hydrogen peroxide and potassium ferricyanide were purchased from Aladin Co., Ltd. Honeybee pupa (Zhenwuding Shanzhen, Henan), Royal jelly (Tongren Tang, Beijing) and honey (Tongren Tang, Beijing) were purchased from online shops. Acetic acid has been used as an electrolyte for antioxidant property analysis.
Hydrogel fabrication
The synthesis of metal ion crosslinked hydrogel was performed according to our previous method, with some modifications [39, 40] . Typically, silver ions have been chosen as crosslink ions for hydrogel preparation. First, chitosan was dissolved in acetic acid to form a 1% solution using sonication. Then, silver nitride was dissolved into a chitosan solution to form a 1 mM concentration using sonication. Then, 0.1 M HCl was slowly added dropwise into the above solution until a gelation transformation was initiated.
Antioxidant activity measurement
The antioxidant property measurement was conducted using an electrochemical workstation (CHI 760E) using a three-electrode system. A glassy carbon electrode, a Pt wire electrode and Ag/AgCl (3M) electrode were used as the working electrode, counter electrode and reference electrode, respectively. During the measurement, three electrodes were inserted into the hydrogel to form a circuit.
Then, a Fenton solution (H2O2:Fe 2+ = 1:4) was introduced into the hydrogel to initiate depolymerization.
Honey solution was subsequently added into the hydrogel to scavenge ROS. Cyclic voltammetry (scan rate: 50 mV/s) was used to analyse the signal change of metal ions before and after adding honey to evaluate the antioxidant properties of different bee products.
RESULT AND DISCUSSION
The morphology of the formed hydrogel is shown in Figure 1A . The hydrogel formed in a porous networking structure with uniform distribution, which could hold liquid inside without destroying the structure. The morphology of the silver ion cross-linked hydrogel is very like the chitosan/gelatin/PVA hydrogel [41] , genipin-crosslinked catechol-chitosan [42] , chitosan/hyaluronan hydrogel [43] and Nanohydroxyapatite-reinforced chitosan hydrogel [44] . The results indicated that the presence of silver ions caused rougher pore walls and open interconnected pores, which were, respectively, necessary for acting as a solid electrolyte [45] . The cyclic voltammetry of the hydrogel was recorded as Figure 1B . A distinct silver redox pair can be found at 0.1 V and 0.4 V, corresponding to the reduction and oxidation of silver, respectively. For comparison, the cyclic voltammetry of the chitosan has been recorded as well. No appreciable redox reaction can be found during the scan range. Since the oxidation peak of metallic silver is much intense than its reduction peak, the peak located at approximately 0.4 V has been used to estimate the antioxidant properties of bee products in this study. Electroconductive hydrogels have been used for the detection of vitamins [46] , glucose [47] , human metabolites [48] , cell viability and function [49] , lactate [50] , DNA [51] , dopamine [52] , peptide [53] , tumours [54] , and hydrogen peroxide [55] . Figure 2 shows the cyclic voltammetry profiles of silver ion cross-linked hydrogel before and after introduction of 0.1 mM Fenton solution. As shown in the figure, the silver redox increased after the introduction of Fenton solution due to the depolymerization deduced by Fenton solution-produced ROS. The depolymerization process slowly decomposed the interwoven structure of the chitosan chains and silver ions, resulting in low molecular weight chitosanlinked silver ions. These units are more likely to diffuse to the electrode surface when electric potentials are applied. Thus, a higher current response from silver ions could be expected after depolymerization of the hydrogel. Chitosan is constructed by copolymers of glucosamine (GlcN) and N-acetylglucosamine (GlcNAc) linked with b-1,4-glycosidic bonds. Under ideal conditions, depolymerization should release both GlcN and GlcNAc. At 3 min after the introduction of Fenton solution. The cyclic voltammetry profile showed an even higher redox reaction due to the continuous depolymerization. In contrast, 0.1 mM Fenton solution was added to the hydrogel along with 0.1 mM uric acid. Uric acid is a common antioxidant that can scavenge ROS. The cyclic voltammetry profile was recorded at 5 min after the addition. As shown in Figure 2B , the redox profile is much less than the previous uric acid-excluded sample. Based on the above results, the proposed silver ion cross-linked hydrogel showed an excellent antioxidant property evaluation performance. Silver ions has been used as probe in electrochemical device for sensing purpose as well. For example, Wittaya et al. [56] reported a potentiometric glucose biosensor based on silver/silver ions as redox marker. Specifically, the calix [4] arene containing benzothiazole groups, was used as a neutral ionophore and mixed in PVC plasticized with NPOE. Compared with this report, the preparation process of the proposed silver ion cross-linked hydrogel is much convenience than that of the ion selective electrode. The optimization process was conducted before the real sample analysis. Figure 3A shows the oxidation difference after Fenton solution addition along with the depolymerization time. The current difference increases with depolymerization. However, a longer depolymerization could result in a high detection error. Therefore, the depolymerization was selected for 3 min. Figure 3B shows the current difference affected by the silver ion concentration. A lower silver concentration could result in a larger current difference before and after the cross-linking process since the excess of silver ions could result in a higher background current, while insufficient silver ions could lead to the unsuccessful formation of a hydrogel [56] . The current difference increased with increasing silver ion concentration. Then, the current difference decreased after further concentration increases due to the excess of silver ions in the hydrogel system.
In hydrogel-based biosensors whose mechanical work is measured for biosensing, the wide range of mechanical transduction methods available includes pressure sensors, capacitive sensors, cantileverbased sensors, bending plates, and microgravimetric sensors. After parameter optimization, the proposed electrochemical antioxidant property evaluation platform was used for real bee product analysis. Figure  4 shows the cyclic voltammetry profiles of the hydrogel 3 min after introduction of 0.1 mM Fenton solution and 0.05 mL of bee product dispersion. As shown in the figure, honeybee pupa showed the highest redox reaction compared with honey and Royal jelly, suggesting that honeybee pupa contains the lowest antioxidant. In contrast, the Royal jelly exhibited the lowest redox reaction among the three samples, suggesting that the Royal jelly has the highest antioxidation performance. A bulk of the phenolic compounds found in honey is in the form of flavonoids [57] . However, other classes of phenolic compounds are also present in appreciable amount. Figure 4 shows DPV profiles of the antioxidation performance of honeybee pupa, Royal jelly and honey. A clearer difference can be observed compared with the cyclic voltammetry method. More specifically, the Royal jelly exhibited the lowest oxidation peak current, indicating its strong antioxidation performance among the sample. Based on the results, the antioxidant performance of the three bee products follows the following order: Royal jelly > honey > honeybee pupa.
Reproducibility and stability are very important for electrochemical sensing platforms. Figure  6A shows five individual fabricated silver ion cross-linked hydrogels for Royal jelly determination. Very similar results can be obtained during the experiments, suggesting the excellent reproducibility of the hydrogel. Figure 7B shows the DPV curves of one batch hydrogel for Royal jelly determination over a month. The sensing performance could remain more than 90% compared over a month, suggesting that the proposed electrochemical sensing platform has a comparable storage stability. 
CONCLUSION
In conclusion, measuring the antioxidant activity of bee products plays a practical role in the food industry. In this paper, we propose a cross-linked hydrogel method to measure the antioxidant activity of different bee products. Silver ions in the hydrogel have been used as detection probes for evaluating the antioxidation performance. The results indicate that the Royal jelly purchased from the online shop showed a higher antioxidation performance compared with that of honey and honeybee pupa. 
